Type 2 diabetes is characterized by insulin resistance in peripheral tissues and pancreatic beta cell failure, with the inability of pancreatic beta cells to compensate for increasing insulin resistance resulting in the onset of diabetes. Pancreatic beta cell failure can be categorized as a qualitative or quantitative abnormality, which corresponds to a defect in the ability to secrete insulin and a reduction in pancreatic beta cell mass, respectively. Given that pancreatic beta cell mass has been found to be reduced even before the onset of type 2 diabetes [1] , the contribution of this quantitative abnormality to the pathogenesis of type 2 diabetes has received much attention. Although a compensatory increase in pancreatic beta cell mass in response to systemic insulin resistance has been observed in obese Caucasian individuals [2] , no such effect has been detected in obese Japanese [3] , suggestive of a reduced capacity to increase beta cell mass in the Japanese population. Interventions that increase beta cell mass might thus be expected to contribute to the prevention or treatment of type 2 diabetes in Japanese individuals.
Some antidiabetic drugs exert pleiotropic effects independent of their glucose-lowering activity, with one such prominent action being the protective effect of sodium glucose cotransporter 2 (SGLT2) inhibitors on multiple organs. The EMPA-REG OUTCOME (Empagliflozin Cardiovascular Outcome Event Trial in T2DM Patients) and CANVAS (Canagliflozin Cardiovascular Assessment Study) trials have shown that SGLT2 inhibitors prevent the development of cardiovascular events as well as the progression of renal dysfunction in patients with type 2 diabetes [4, 5] . These results, together with various other clinical and preclinical observations, have thus suggested that SGLT2 inhibitors protect against renal and cardiac damage. Moreover, this class of drug appears to exert beneficial effects on other organs including beta cells of the pancreas.
Several studies have shown that SGLT2 inhibitors improve insulin secretion in patients with type 2 diabetes. The ratio of the incremental area under the plasma C-peptide concentration-versus-time curve to that under the plasma glucose concentration-versus-time curve during a 75-g oral glucose tolerance test was increased significantly in type 2 diabetic patients treated with dapagliflozin compared with those receiving a placebo [6] . The administration of empagliflozin to patients with type 2 diabetes was also shown to improve pancreatic beta cell function, as assessed by the insulin secretion/insulin resistance index during a hyperglycemic clamp [7] . Furthermore, the improvement in insulin secretion induced by ipragliflozin in Japanese patients with type 2 diabetes persisted even after the cessation of drug administration [8] . The mechanism underlying this beneficial effect of SGLT2 inhibitors on insulin secretion has. however, remained unknown.
Zucker diabetic fatty (ZDF) rats develop diabetes as a result of an age-dependent decline in beta cell mass associated with deterioration of pancreatic islet architecture. The administration of empagliflozin to these rats was found to ameliorate glucose intolerance and to attenuate the natural decline of insulin secretion [9] . In addition, it maintained the normal structure of pancreatic islets, whereas treatment with a glucagon-like peptide-1 (GLP-1) analog or sulfonylureas did not. In another animal model, the db/db mouse, in which the number of pancreatic beta cells also declines with age, treatment with luseogliflozin increased beta cell proliferation and attenuated beta cell apoptosis [10] . These effects may be related to an associated increase in the expression of MafA and Pdx1, both of which are key transcription factors in the development and functional maintenance of beta cells. In NOD mice, a model of autoimmune-mediated type 1 diabetes, treatment with empagliflozin resulted not only in an improvement in blood glucose levels, but also in an increase in pancreatic beta cell mass, an effect that appeared to be related to attenuation of the accumulation of reactive oxygen species in beta cells [11] . Favorable effects of SGLT2 inhibitors on pancreatic beta cells appear not to be limited to an increase in cell mass. Administration of dapagliflozin to individuals with type 2 diabetes was thus found to augment the secretion of insulin induced by exogenous GLP-1 or gastric inhibitory polypeptide (GIP) [12] . In addition, Xu et al. [13] reported that phlorizin treatment of pancreatectomized hyperglycemic rats recovered expression of GLP-1 receptor and GIP receptor, which was down-regulated by hyperglycemia, in pancreatic islets. These results suggest that SGLT2 inhibitors improve the sensitivity of beta cells to incretins.
Amelioration of glucose toxicity is one possible mechanism that may underlie the beneficial effects of SGLT2 inhibitors on beta cells. Given that such drugs attenuate insulin resistance [14] , the resulting relief from the demand for excessive insulin production, a well-known trigger of endoplasmic reticulum stress and oxidative stress in pancreatic beta cells [15] , is also likely related to their effects on beta cell function. In addition, lipotoxicity, which also impairs beta cell function [16] , might be ameliorated by SGLT2 inhibitors via an improvement in systemic lipid metabolism [17] . Given that the entire repertoire of humoral and metabolic effects of SGLT2 inhibitors has likely not yet been recognized, additional mechanisms also may contribute to their protective actions. In this regard, SGLT2 inhibitors increase the production of ketone bodies, which may improve energy metabolism in cardiac muscle cells and thereby augment cardiac function [18] . Furthermore, whereas the underlying mechanism remains obscure, SGLT2 inhibitors increase the hematocrit in a manner independent of a decrease in circulating plasma volume [19] . This action also may contribute to the protective effects of these drugs on cardiac and renal function [19] . Further investigation of the actions of SGLT2 inhibitors is thus warranted to provide a more complete understanding of their antidiabetic and many other clinically beneficial effects.
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